The mechanism of the two-phase Brust-Schiffrin synthesis of alkane thiol protected metal nanoparticles is known to be highly sensitive to the precursor species and reactant conditions. In this work X-ray absorption spectroscopy is used in conjunction with liquid/liquid electrochemistry to highlight the significance of Br À in the reaction mechanism. 
Introduction
There have been numerous publications on the synthesis, stabilisation and manipulation of metal nanoparticles in order to exploit their size-tuneable properties. These open up the prospect of applications including therapeutics, catalysis and plasmonic devices. Due to the stability of the material, gold nanoparticles have drawn the most interest. Whilst numerous synthetic procedures exist, the two most signicant methods to produce spherical particles are those of Turkevich and Frens, 1, 2 to produce citrate protected particles in an aqueous suspension, and Brust, Schiffrin and co-workers, 3, 4 to produce thiol protected particles stable in an organic suspension.
The publication by Brust et al., describing a simple 2-phase reaction to produce alkane thiol coated nanoparticles was a landmark in the eld of metal nanoparticle synthesis. 3, 5 The method produces spherical Au nanoparticles where the mean particle diameter can be tailored across the range 1-6 nm by varying the thiol : Au ratio. The particles have a very uniform size distribution and can be dried and re-suspended in numerous organic solvents without aggregation. The initial method has been further rened to produce a single phase approach, extended to various metals (including Ag, Cu and Pd), and modied through post-synthetic methods to exchange the surface ligands on the nanoparticles, or rene the dispersions to form metal clusters with a uniform composition. [4] [5] [6] [7] [8] [9] [10] [11] [12] Recently, the reaction mechanism has been a focus of research as it has been found to be signicantly more complex than was initially suggested. 13 The net reaction involves the transfer of a Au(III) salt from water to toluene through the use of a phase transfer catalyst. This is followed by the removal of the initial aqueous solution. Subsequent addition of an alkane thiol and NaBH 4 then reduces the Au(III) species in the organic phase, resulting in the formation of thiol protected particles, Fig. 1 .
However, further investigation has been required to understand the possible complications at each stage of the reaction. Mechanistic studies have now led to a consensus on the reactions involved in each step of the original synthesis. Initially TOA + Br À (tetraoctylammonium bromide), oen written as TOAB, in toluene is brought into contact with the aqueous [AuCl 4 ] À solution to facilitate transfer into the organic phase. may be used to avoid this halide exchange. The phase transfer has been shown to occur through an ion pair process 14,15 rather than the previously proposed reverse micelle formation. [16] [17] [18] [19] [20] [21] The addition of alkane thiol, added as a capping agent, has been shown to cause the reduction of Au(III) to Au(I).
22 Preliminary studies initially assumed that the identity of the Au(I) species was a polymeric Au-SR species. This species is visible as a white precipitate at the liquid/liquid interface if the aqueous phase is retained. The important work of Goulet and Lennox disputed this and proposed that in the absence of water, the intermediate species was in fact [AuX 2 ] À . This was the only intermediate species observed in their reaction. 13 Subsequent work has however shown that formation of Au(I)SR in a single phase is indeed possible, normally as a minor component.
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The Au-thiolate species form if (a) the aqueous phase is retained during the reaction; (b) at high reactant concentrations; and (c) at thiol : Au ratios greater than 2 : 1. A variety of techniques have been applied to discern the processes involved in the Brust-Schiffrin synthesis, which in combination have been able to draw out a thorough picture of the reaction. These include spectroscopy (NMR and Raman), DFT calculations, XAFS (X-ray absorption ne structure) and electrochemistry. 10, 13, 18, 25, 28, 29 XAFS can provide clear information on the oxidation state (through the XANES -X-ray absorption near edge structure) and local bonding (through the EXAFS -extended X-ray absorption ne structure) around a target absorber. In the case of the Au L 3 -edge, excitation of core 2p electrons into unoccupied 5d/6s orbitals takes place. The absorption coefficient for this process provides information about the local unoccupied density of states, which correlates with the oxidation state of the absorber. In addition, the XANES is also sensitive to multiple scattering of the excited photoelectron waves, leading to additional sensitivity to changes in oxidation state, local bonding and geometric conformation changes of the complex. An incisive understanding of the composition of samples can be achieved through linear combination tting using standard reference spectra. The EXAFS can provide the local structure around the absorber through iterative curve tting to a calculated EXAFS model. One of the complications that has limited the usefulness of EXAFS in regard to the Brust-Schiffrin synthesis is the similarity of the electron scattering cross sections of Cl and S. As the two elements are located side by side in the periodic table their atomic cores have the same number of electrons, leading to indistinguishable backscattering behavior in EXAFS when their bond lengths to the X-ray absorber are similar. Therefore, when examining mixed component systems, where the Cl/S ratio was not certain, it was not possible to separate the contributions of M-Cl and M-S scattering with certainty. However, when the heavier halide ion is substituted ([AuBr 4 ]
there is a clear variation in bond length and backscattering properties between M-Br and M-S, permitting more denitive examination of the chemical variations.
Electrochemistry at a liquid/liquid interface is likewise very sensitive to the structural composition of intermediate species, and thereby provides complementary information. As the Gibbs energy of transfer varies depending on the speciation of an ion it is possible to observe the different species and to measure relative concentrations through analysis of the current response. This method has been utilized in order to successfully follow a number of different deposition procedures.
30-35 A Fig. 1 Schematic illustration of the steps involved in the two phase synthesis method. In the illustration the aqueous phase is drawn as blue and the toluene phase as yellow.
Step 1 is the Au phase transfer, step 2 shows the halide ion exchange process, step 3 shows the addition of alkane thiol causing a reduction to Au(I), and step 4 is the phase transfer process occurring on addition of NaBH 4 leading to nanoparticle formation. 
XAFS measurements
Measurements were conducted on the quick EXAFS (QEXAFS) beamline ROCK 37 at the Synchrotron SOLEIL facility (Saint Aubin, France) and EXAFS beamline BL27B at the photon factory of high energy accelerator research organisation KEK (Tsukuba, Japan). At Soleil, the synchrotron operates at 2.75 GeV. The channel-cut crystal Si(111) monochromator was used with an oscillation frequency of 0.5 Hz over 1.1 amplitude in order to gather a complete Au L 3 EXAFS spectrum. Au L 3 -edge measurements were conducted in transmission mode using ionisation chambers (Oken) as detectors. At KEK, the synchrotron operates at 2.5 GeV. The beamline utilises a Si(111) doublecrystal monochromator. Au L 3 -edge measurements were conducted in transmission mode using a gas ionisation detector. Data analysis was conducted using the Demeter soware package. 38 All spectra were initially calibrated to a reference foil sample collected alongside the sample measurement. These were calibrated to 11 919 eV for the Au L 3 edge. The spectra were normalised and background-subtracted by tting a spline to the pre-edge and post-edge regions. EXAFS data were tted in Artemis to standards generated by FEFF8. 39 The data was tted simultaneously to k 1 , k 2 and k 3 weighted data across a k-range of 3-12Å.
Liquid/liquid electrochemistry
Electrochemical measurements were performed using a microliquid/liquid interface as reported previously. [40] [41] [42] Measurements were performed with either toluene or 1,2-dichloroethane (DCE) as the organic solvent. The supporting electrolyte used in the DCE phase was TOA + TFPB À (tetraoctylammonium tetrakis [3,5- 
TEM measurements
Transmission electron micrographs of the nanoparticle samples were collected using a JEM-2100 TEM (JOEL). The nanoparticle solutions were drop-cast onto holey carbon lm TEM grids (300 mesh copper grid, Agar Scientic). The particle size distribution analysis was conducted using ImageJ. 3 The organic solvent is usually toluene, whilst other solvents have also been shown to work effectively. The Au can be transferred to the organic phase using a phase transfer catalyst by simply shaking the two phases together to drive Au ion exchange. The charge distribution between the two phases is balanced as the more hydrophilic halide ion present in the phase transfer catalyst partitions into the aqueous phase as the Au transfers to the organic (eqn (1), Fig. 1(i) (2), Fig. 1 (ii)).
Results

Extent of Br
This ligand exchange has been widely reported, although the extent of halide exchange and its signicance for the reaction has not been determined. Here, we probe the exchange process by examining the EXAFS response on increasing the À is similar as they both form a square planar structure. As mentioned in the introduction, however, it is possible to differentiate the two species as there is a signi-cant change in bond length of $0.15Å. The data were therefore t using two scattering paths for each species: the single scattering path Au-X and the linear multi-scattering path Au-X-Au-X-Au. as eqn (2) . The voltammetric responses indicated that the ligand exchange process can occur in the organic phase (Fig. 3) or as a phase transfer process at a liquid/liquid interface and ligand exchange process (Fig. S1 †) . exchange occurs in the bulk phase following transfer, or whether it also occurs across the liquid/liquid interface. Fig. 3 shows the variation in the half wave potential (E 1/2 ) for each sample, the voltammetric results are included in Fig. 3 (a) . The current wave from À0.3 V corresponds to the transfer of Cl À from DCE to water, which was formed through the ligand exchange reaction, whilst the 2nd current wave at E 1/2 approximately 0.15-0.25 V corresponds to the transfer of the anionic Au complex. The position of the latter's half wave potential depends on the degree of halide ligand exchange on the complex. In the presence of TOA + Br À (eqn (2) À it can be seen that the majority of the Au(III) has again been reduced to Au(I) at 2 equivalents of thiol (Fig. 4) , matching the reaction stoichiometry. Any further excess of thiol causes little variation in the spectral response. Thus in the presence of Br À , the reaction clearly follows the pathway proposed by Goulet and Lennox, with the reaction leading to the formation of the disulde species (eqn (3)). 
Au(I) thiolate formation has been shown to adversely affect the homogeneity and yield of particles formed in the BrustSchiffrin synthesis. 13, 25 The observation that they are not formed when [AuBr 4 ] À is used as the precursor species would indicate that the use of the bromo Au(III) complex should be recommended for the synthesis of gold nanoparticles. Our observations thus go some way to resolving the discrepancies in the existing literature about Au(I)SR oligomer formation following reduction by alkane thiol. There have been a number of reports on the mechanism of the 2-step synthesis which have shown either the presence [23] [24] [25] polymeric Au(I)SR can be observed on reduction by thiol -as the aqueous phase acts as a sink for the HX species formed. The mixed halide species may also form Au(I)SR species at higher thiol : Au ratios in a more polar organic solvent than toluene, such as deuterated chloroform. 24 The difference between Au-S and Au-Br bond lengths allows us to follow the reduction by thiol within the EXAFS, and to determine the formation of intermediate species. As in the EXAFS analysis of the TOA À , the data was considered using the single scattering path Au-Br and the multiple scattering path Au-Br-Au-Br-Au. The data and ts plotted in R-space are shown in Fig. 5 with the parameters used in the EXAFS tting recorded in Table 2 .
The tting model that produced the best agreement with the experimental data suggests, as with the linear combination tting to the XANES region (Fig. 4) well, and indicate that there is no signicant Au(I) thiol oligomer formation in a single organic phase. However, if the aqueous phase is retained then the white precipitate species characteristic of (Au(I)SR) n formation can be observed in both cases. The reaction with thiol was also characterised through the use of cyclic voltammetry at a micro-liquid/liquid interface. (Fig. 6 (b) and S2 †). There is little variation À , the inuence that the ratio of thiol to Au has on the properties of the product nanoparticles remains to be examined. The variations between products was therefore characterised at different thiol concentrations by UV-Visible spectroscopy (Fig. 7) . NaBH 4 solution was brought into contact with toluene containing different thiol : Au ratios, 24 h aer mixing. Images of the solutions before and aer the reduction are included in the ESI (Fig. S3 and S5 †) . It is noteworthy that following NaBH 4 addition, Au nanoparticles are formed in toluene even in the absence of thiol. Whilst the concentration is lower than for the other samples this is nonetheless a striking observation, as there is no ligand present to stabilise this suspension by passivating the surface of the particles. TEM of the particles formed in this system are included in Fig. S6 . † At present we can only propose that there is some form of electrostatic stabilisation provided by surface adsorption of the Br À although this is not yet fully understood. The intensity of the SPR peak at $520 nm matches well with the variation in nanoparticle size on increasing thiol concentration that was reported previously.
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Control over nanoparticle shape and size
The proposed improvements in the synthetic protocol have been examined through TEM and UV-Vis analysis of the reaction products. As reported by Haiss et al. 46 UV-Vis does not give an accurate measure of nanoparticle size for particles below $5 nm, so size distribution information was obtained using TEM. À results in a slightly larger deposition product 3.0 nm instead of 2.0 nm which is similar to previously reported data. 15 We suggest that the smaller size of nanoparticles in the Cl system relates to the presence of Au(I)SR species prior to the addition of BH 4 À which enables more rapid passivation of the nanoparticles during growth. Whilst the standard deviation in particle diameter is the same for both species, it can be seen from the histogram that there is a more uniform distribution for the [AuBr 4 ]
À nanoparticles than for the [AuCl 4 ] À particles. The UV-Vis response also indicates a higher concentration of nanoparticles when the bromoaurate precursor species is used (Fig. S8 †) . Fig. S6 † shows the TEM micrographs for the formation of nanoparticles at 0 eq. thiol, at a 1 : 1 ratio and through reduction by NaBH 4 .
Conclusions
The signicant inuence of Br À on the Brust-Schiffrin synthesis of gold nanoparticles has been examined quantitatively. The possible reaction pathways are provided in Fig. 1 
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